To study the effects of river flooding on vesicular-arbuscular mycorrhizae (YAM), YAM infection of plants was examined at a fluvial bar in the middle reach of the Ohta River in Hiroshima Prefecture, Japan. Among 23 plant species belonging to 11 families collected in spring and early summer 1993, 17 species showed YAM with arbuscules.
Introduction
Recently, the importance of vesicular-arbuscular mycorrhizae (VAM) in controlling ecological succession has attracted considerable attention1,2,5,12) Because of the low host specificity of VA mycorrhizal fungi and their ability to improve nutrient uptake by plants, VAM may be an important factor in the re-establishment of plants in infertile disturbed habitats. However, studies on the mycorrhizal status of plants in some disturbed habitats have often been inconsistent. Several studies on human-disturbed sites1,11) have suggested that disturbance generally decreased the propagule density of mycorrhizal fungi, and that early successional plants were often non-mycotrophic.
On the other hand, recent studies on volcanic desert5) and disturbed alpine ecosystemsz) have shown that many of the pioneer plants in these areas were VA mycorrhizal. These results suggest that the importance of VAM in the early stage of ecological succession should be discussed in relation to the severity and the type of disturbance.
Floodplains along rivers are characterized by frequent disturbances of flooding. River flooding may affect mycorrhizae in two ways, i.e. by decreasing propagule density (erosion) or by causing anaerobic conditions (submergence). It has been suggested that anaerobic conditions of watersaturated soil may restrict mycorrhizal infections. Therefore, VAM infection might be limited in habitats subjected to repeated river flooding. However, little data have heretofore been reported on the VAM status of plants in river floodplains.
The present study was made to determine the occurrence of VAM in plants growing in sites subjected to frequent river flooding. The relations of VAM infection to plant species and plants' growth stages were studied in a fluvial bar. Sur- A fluvial bar about 600m in length had developed on the western side of the river which flows southward into the Seto Inland Sea (Fig. 1 ). The width of the broadest part of this bar was about 100 m when the water level was normal, although the bar was completely covered with water during periods of flooding. The outer (western) edge of the bar ended at a river wall.
The distal (southern) part of the bar had been a marsh, but was totally buried under soil during the flood period in the 1993 summer season (see below). From the apex to the middle part of the bar was a gravelly area with sparse vegetation. Between the marsh and gravelly area, a grassland with various herbaceous species was observed. One transect 100 m long was started from the river wall across the grassland and the gravelly area to the river. Seven quadrats measuring 5 mx5m were set along this line and named A, B, C, D, E, F and G, respectively. Quadrats A and B were in the grassland. Quadrats C, D and E were in the gravelly area with sparse vegetation consisting mainly of Artemisia princeps. Few plants were observed in the area between quadrats C and D. Quadrats F and G were situated in the moist riparian habitat. The location, substrate and vegetation of these quadrats are summarized in Table 1 .
In rainy seasons or just after heavy rainfall, this study site had been subjected to short flooding periods lasting for a few days each. Such shortterm flooding occurred at least three times in an ordinary year, but destructive changes to vegeta- Lion had not been detected during at least the last 2 years. However, unusual heavy precipitation in the 1993 summer season caused destructive flooding, which severely destroyed the vegetation in the study site. The water flow data recorded at the observatory in Nakano, about 1.5 km upstream of the study site, suggested that prolonged floodings lasting for more than 9 days each occurred three times in the summer season. Short-term floodings also occurred in September. Total length of time when the vegetation was submerged varied from 17 to 34 days depending on the topography, although it might be longer in quadrats E and G. In late August 1993, only a few plants bearing green leaves were found in quadrats A through G. Therefore, the new quadrat H measuring 10mX10 m was established at a site 10m upstream of the transect. Soil properties and vegetation in quadrat H prior to the flooding were similar to those of quadrat A. Although most of the plants in quadrat H died in the flooding period as well, a few surviving plants with green leaves were observed just afterward.
Methods

Collection of plant samples
Before the prolonged flooding, samples were collected from quadrats A through G on April 27 and June 3, 1993. Considering the effects of plant maturity on YAM status, mature plants with flowers were collected preferentially.
After the prolonged flooding, surviving plants were collected from quadrat H on August 23, September 16 and October 14, 1993. In this quadrat, in addition to mature plants, some immature ones needed to be collected because of the limited number of surviving plants. A few samples collected from quadrat A were also examined. To observe the recovery of YAM, four abundant plant species that had been mycorrhizal were also collected from quadrats A, B and C, and examined for YAM infection on June 1, 1994. Root systems of the plants were carefully excavated with adhering soil. These samples were placed in a cooling box and brought back to the laboratory.
Soil particles were carefully removed from the roots in a water bath. The samples were fixed and stored in 50% ethanol. Plant names were referred from Ohwi and Kitagawa9), and Osada10)
Observation of VAM The fixed root samples were cleared and stained according to Koske and Gemma7) . Samples were cleared in 2.5% KOH solution at 90C for 30 min, acidified, and stained in an acidic solution of 0.05% trypan blue in 50% glycerol.
For each plant sample, five randomly selected 2-cm root segments were observed under a light microscope. Only plants in which arbuscules were observed in the root system were classified as being VA mycorrhizal.
The extent of VAM infection was quantified by assigning a mycorrhizal index (MI) value of 0 to 3 according to Gemma and Koske5): 0=no VAM infection, 1=less than 25% of root length infected, 2=25%-75% infected, and 3=more than 75% infected. The MI of each species was calculated by averaging the MI of each sample of that species.
VAM infection and plants' growth stage
The relation between VAM infection and plants' growth stage was examined for the annual legume Kummerowia striata, a dominant mycorrhizal species in this study site. The growth stages of the young seedlings of this species can be expressed in terms of the number of their leaves. In this paper, growth stages are expressed as follows: 0: The cotyledons had fully unfolded but the first leaf pair was still folded.
1: The first leaf pair was fully unfolded but the second leaf was still folded.
2: The second leaf was fully unfolded but the third leaf was still folded. and so on.
The seedlings of K. striata were collected from quadrat B on June 3, 1993. They were checked for the presence of structures characteristic of VA mycorrhizae, i.e. vesicles, arbuscules and hyphae with no septum.
Number of spores in soil
To determine the density of spores of VAM fungi in soil, surface soil (0-5 cm in depth) of quadrats A through D was collected on June 1, 1994 . No soil core sample could be taken from these quadrats because of their high gravel content. Therefore, surface soil, 65 g in air dry weight on average, was carefully collected with a stainless steel spoon. Soil samples were collected from five different points in each quadrat. Soil samples from the bare ground between quadrats C and D were also examined for the presence of spores of VAM fungi.
The number of spores in soil samples was determined by a modification of the sucrose centrifugation method4,8). Four grams of air-dried soil were suspended in water and the soil suspension was centrifuged at 3,000 rpm (1,370xg) for 10 min. The precipitate was then suspended in 50% sucrose and centrifuged at 3,000 rpm for 5 min. The supernatant was poured into a 45-pm sieve and rinsed with deionized water. The content of the sieve and washing of its inner surface were filtered through Advantec No. 2 filter paper. The number of spores on the filter paper was counted under a dissecting microscope.
Results and Discussion
VAM status before the flooding Table 2 shows the occurrence of VAM in plants collected in spring and early summer 1993. Among the 23 species belonging to 11 families examined, 17 species showed VAM. No ectomycorrhizal woody species were observed in quadrats A through G.
VAM were not observed in the two species of Cruciferae or the other two species of Caryophyllaceae. This accords with the general belief that the species of these families are often non-mycorrhizal6). Among the four species of Gramineae, only Anthoxanthum odoratum showed no YAM infection. The Oenothera lasiniata sample also showed no YAM. annual or winter annual plants. It is assumed that the timing of infection is especially important for these short-lived plants. The result of the mycorrhizal status of K, striata seedlings suggested that VAM infection occurred in the early stage of establishment (Table 3 ). All the seedlings bearing only cotyledons (stage 0) showed infection of the hyphae with no septum, although it was uncertain whether all these hyphae were of VAM fungi or not. Vesicles were observed in some of the seedlings of stage 1. From stage 2, the majority of the seedlings had arbuscules. In addition, VAM was found in young seedlings of Ambrosia artemisiifolia var, elatior and Trifolium dubium which had few leaves. Similar rapid infection of VAM fungi was reported for annual grass seedlings in a semi-arid savanna12).
VAM status after the flooding
On August 23, 1993, just after the prolonged flooding, a number of dead plants with discolored leaves were observed around quadrats A and H. This suggested that many of the plants in these plots were killed by submergence, and not by being washed away. On the other hand, nearly all the plants in quadrats C and D had disappeared. Therefore, it is assumed that these plots were severely eroded.
VAM were observed in most of the plants that survived the flooding (Table 4) . Among the 21 species collected from quadrats A and H, 17 species showed VAM. Orchid mycorrhizae were found in Spiranthes sinensis, the only orchid species found in this study site. Six species, Ambrosia artemisiifolia var. elatior, Artemisia princeps, Viola mandshurica, V, verecunda, Kummerowia striata and Trifolium dubium were collected both before and after the flooding. All of these species showed VAM infection. The samples of the former four species were relatively large individuals and appeared to have survived the flooding. On the other hand, all individuals of T dubium and some of K, striata were young seedlings with a few number of leaves and were assumed to have germinated after the flooding. This suggests that VAM fungi not only survived the prolonged flooding but also were ready for new infection.
YAM fungi appeared to have survived the flooding as hyphae in plants because hyphae with arbuscules were observed in surviving plants just after the flooding (August 23). However, spores and hyphae in soil might survive the flooding as well. In fact, segments of hypha with VAM spores were found in the rhizosphere of nonmycorrhizal Cyperus rotundus on August 23. On September 16, clusters of spores of Glomus sp. was observed in roots of K. striata seedlings, which may suggest the rapid sporulation of this fungus.
The recovery of YAM was confirmed in the following early summer season, about nine months after the prolonged flooding. By this time, the Table 3 . Occurrence of vesicular-arbuscular mycorrhizae in the seedlings of K. striata in relation to the growth stage. Growth stages were determined based on the number of leaves (see text).
The seedlings were collected from quadrat B on June 3, 1993. vegetation cover in quadrat A reached the previous level prior to the flooding although those in quadrats B and C remained at a lower level. Few plants were observed in quadrat D. All of the samples of Trifolium dubium and Sisyrinchium atlanticum collected on June 1, 1994 showed VAM infection, although VAM were not observed in some samples of Lolium multiflorum and Festuca myuros (Table 5 ). VAM were rare in samples collected from quadrats B and C, where vegetation had been severely destroyed by erosion. This might be due to the lower propagule density in these quadrats.
The spore density in soil samples collected on June 1, 1994 is shown in Table 6 . At least 15 types of spores of VAM fungi including 7 unidentified species of Glomus were observed in these samples. The spore numbers differed significantly among the quadrats. High spore density was restricted to quadrat A where vegetation cover was heavy. This agrees with the tendency of plants in these quadrats to form VAM (Table 5 ). However, a few spores were observed in the sites without vegetation cover (the gravelly area between quadrats C and D, and quadrat D). Since the area between C and D had no vegetation cover for more than 1 year, these spores may have originated from some other sites that had vegetation. It has been reported that spores of VAM fungi migrated on the wind up to 2 km13). In floodplains, it is also possible that spores spread during periods of flooding. This prevalence of YAM spores would facilitate the recolonization of YAM fungi in invading host plants.
The results presented in this paper provide evidence that YAM fungi have the ability to survive 
